INTRODUCTION
============

Cadherin is a transmembrane adhesive receptor whose adhesive and signaling activities are under the control of cytosolic proteins collectively called catenins. These proteins associate with two distinct intracellular cadherin domains. The transmembrane-proximal (juxtamembrane) domain interacts with the p120 members of arm-repeat-domain proteins, whereas the carboxy-terminal domain associates with β-catenin or plakoglobin, two other members of the same protein family. The latter proteins link cadherin to α-catenin ([@B13]; [@B31]; [@B26]). Catenins control cadherin adhesion through a variety of mechanisms, one of which is cadherin endocytosis ([@B2]; [@B10]; [@B41]). Deregulation of this mechanism has been found in malignant tumors, in which cadherin is lost or relocalized to the cytosol ([@B3]; [@B32]). Although recent studies identified catenin structures and detailed their interactions with the cadherin intracellular region ([@B30]; [@B19]), relatively limited information is available about the general organization of the cadherin--catenin complex and, in particular, about the interactions between p120 and other catenins within the same complex. Such interactions, however, may have an important regulatory function.

The expression of cadherin on the cell surface is controlled by a balance between exocytic and endocytic cadherin transport ([@B2]; [@B10]). P120 is a key regulator of cadherin endocytosis. The binding of p120 to cadherin has been suggested to suppress endocytic elements---K738 and a dileucine motif---that are present at the juxtamembrane cadherin domain ([@B24]; [@B16]). The absence of p120 exposes these motifs to clathrin adaptors, resulting in cadherin endocytosis and degradation ([@B39], [@B38]; [@B32]; [@B19]). The blockage of clathrin-dependent endocytosis or the point inactivation of these endocytic motifs was shown to stabilize p120-uncoupled cadherin mutants on the cell surface and to rescue their adhesive function ([@B36]; [@B6]; [@B16]).

β-Catenin binding to cadherin has also been shown to be critical for cadherin stability and cell surface localization. A lack of β-catenin and plakoglobin ([@B11]) or selective inactivation of the β-catenin--binding domain ([@B5]; [@B25]) resulted in cadherin targeting to lysosomes and degradation. Remarkably, this cadherin destabilization is based on the same dileucine motif present in the p120-binding juxtamembrane domain. Point inactivation of this motif significantly increased the cell surface level of β-catenin--uncoupled cadherin mutants ([@B25]). Although it is not clear how β-catenin regulates the dileucine motif, which is located at the juxtamembrane domain, this observation suggests some level of cooperation between two distinct catenin-binding cadherin domains. Some other observations also point to a cross-talk between p120 and β- or α- catenins. For example, p120 deficiency increased the severity of morphogenetic defects caused by a hypomorphic mutation in the α-catenin gene of *Caenorhabditis elegans* ([@B29]). It was also reported that overexpression of p120 rescues the adhesive properties of the β-catenin--uncoupled cadherin mutant in mouse L cells ([@B28]) and that β-catenin--uncoupled mutants exhibit low binding to p120 in coimmunoprecipitation experiments ([@B33]). Finally, our recent work suggests that p120 is positioned close to α-catenin in the E-cadherin--catenin complex ([@B21]).

To better understand the cross-talk between p120 and other catenins, we studied the mechanisms of instability and abnormal localization of the β-catenin--uncoupled cadherin mutants. Our work suggests that weak interaction between p120 and α-catenin is important for preventing cadherin endocytosis. This interaction can be an important regulator of cadherin trafficking, RhoA activity, and various dynamic properties of adherens junctions.

RESULTS
=======

Deletion of β-catenin--binding site destabilized cadherin on the cell surface
-----------------------------------------------------------------------------

To understand the role of catenins in adherens junction dynamics, we studied A-431 cells stably expressing the E-cadherin nonfunctional mutant Ec1M-Δ844. This mutant harbored a 38 amino acid--long C-terminal deletion that encompassed a critical portion of the β-catenin--binding site (Supplemental Figure S1). This deletion did not affect the p120-binding site of E-cadherin mapped to the E-cadherin region Tyr-755--Leu-772 ([@B34]; [@B19]). Double immunofluorescence microscopy, using anti-myc and anti--β-catenin antibodies, showed that this mutant was not recruited into the adherens junctions ([Figure 1, A and A′](#F1){ref-type="fig"}). Instead, consistent with previous observations ([@B5]; [@B25]), a large pool of this mutant was localized to the intracellular vesicles. To determine whether an increased rate of cadherin endocytosis contributed to this abnormal distribution, we examined the turnover of the Ec1M-Δ844 mutant using cell-surface biotinylation assays. [Figure 2A](#F2){ref-type="fig"} shows that the Ec1M-Δ844 mutant degraded much more rapidly than did the endogenous cadherin present in the same cells. Furthermore, the surface-biotinylated Ec1M-Δ844 mutant was almost completely internalized during the 15-min period ([Figure 2B](#F2){ref-type="fig"}). Only ∼5% of the endogenous cadherin was endocytosed during the same time. To exclude the role of the myc tag in such rapid internalization of the Ec1M-Δ844 mutant, we examined the endocytosis of the myc-tagged form of the full-size cadherin, Ec1M. These experiments showed that both myc-tagged and untagged cadherins present in Ec1M-expressing A-431 cells exhibited approximately the same internalization rates ([Figure 2C](#F2){ref-type="fig"}). Therefore the ablation of the β-catenin--binding site destabilized E-cadherin on the cell surface.

![p120 overexpression recruits the Ec1M-Δ844 mutants into the junctions of A-431 cells. (A, A′) A-431 cells stably expressing β-catenin--uncoupled mutant Ec1M-Δ844 were double stained for the mutant (Δ844) using anti-myc antibody and for adherens junctions using anti--β-catenin (βCat) antibody. Note that the mutant mostly resides in the cytosol. (B, B′) The Ec1M-Δ844--expressing A-431 cells were stably transfected by the construct encoding p120-F under Mf-inducible promoter. After overnight induction, the cell were stained as in A and A′. Note that the p120-F induction targets the mutant into the adherens junctions. (C, C′) The same cells as in B and B′ but stained for the Ec1M-Δ844 mutant (Δ844) and for p120-F (p120F) using anti-FLAG antibody. Note a codistribution of the mutant and p120-F. (D, D′) A-431 cells coexpressing the Ec1M-Δ844 mutant and p120-ARM-F stained for the mutant (*Δ844*) by anti-myc and for p120-ARM-F (arm-F) by anti-FLAG. Note that expression of p120-ARM-F is sufficient to target the Ec1M-Δ844 mutant into the cell--cell contacts.](4247fig1){#F1}

![Degradation and internalization rates of the β-catenin--uncoupled cadherin mutants in A-431 cells. (A) Degradation rates of the Ec1M-Δ844 mutant (Δ844) and endogenous cadherin (Ec) in Ec1M-Δ844--expressing A-431 cells as measured by a biotin degradation assay. Lane 0 shows the amount of the biotinylated proteins at time 0; lane 6 shows their amounts after 6 h. Note a complete degradation of the mutant but not the endogenous cadherin during the chase. (B) The internalization rates of the Ec1M-Δ844 mutant (Δ844) and endogenous cadherin (Ec) in Ec1M-Δ844--expressing cells as measured by a biotin internalization assay. Numbers above the lanes show chase periods (min). T, total amount of the biotinylated proteins. Note that nearly an entire pool of the biotinylated Ec1M-Δ844 mutant but only minor fraction of the endogenous cadherin pool was internalized during 15 min. (C) The biotin internalization assay with Ec1M-expressing A-431 cells. Experiment was performed as in B, but lanes containing total biotinylated proteins (lanes T/2) were loaded with half the volume of the other lanes. Note that the internalization rates of the endogenous and myc-tagged forms of cadherin are approximately the same. (D) Degradation and (E) internalization rates of the EcM-Δ772 cadherin mutant. The experiments were performed as in A and B, respectively. Note that degradation and internalization rates of this mutant are very similar to those of the Ec1M-Δ844 mutant.](4247fig2){#F2}

The binding of p120 to cadherin had been proposed to suppress endocytic signals present in the juxtamembrane domain ([@B24]; [@B10]; [@B16]). The rapid endocytosis and degradation of the Ec1M-Δ844 mutant, which contains an intact juxtamembrane domain, has two possible causes. First, the remaining portion of the β-catenin--binding site in the Ec1M-Δ844 mutant may expose additional endocytic signals, which become available for endocytic machinery once the β-catenin--binding site is obliterated. Indeed, this portion contains several motifs sharing some similarities to the Tyr-based endocytic motifs of other proteins ([@B5]). Second, despite the presence of the intact p120-binding site, the binding of the Ec1M-Δ844 mutant to p120 could be compromised.

To test the first possibility---whether the remaining portion of the β-catenin--binding site exhibits additional endocytic signals---we examined the internalization of another cadherin mutant, EcM-Δ772. This mutant has the intact juxtamembrane domain but lacks all of the portions of the β-catenin--binding site that had been mapped between E-cadherin residues 782 and 881 (Supplemental Figure S1; [@B17]). We found that this mutant had essentially the same localization, internalization rate, and turnover rate ([Figure 2, D and E](#F2){ref-type="fig"}) as did the Ec1M-Δ844 mutant. Therefore the remaining portion of the β-catenin--binding site is not essential for the mutant endocytosis. The fast turnover of the Ec1M-Δ844 mutant apparently is mediated by the endocytic signals present in the juxtamembrane domain. This finding is intriguing because it indicates that the juxtamembrane domain can sense the abnormalities in the β- or α-catenin binding to cadherin.

Overexpression of p120 protected the Ec1M-Δ844 mutant from degradation
----------------------------------------------------------------------

The simplest explanation for the data described is that the binding between p120 and β-catenin--uncoupled cadherin mutants is weak and is not sufficient to block the endocytic signals located in the mutant\'s juxtamembrane domain. To test this hypothesis, we examined whether p120 overexpression rescued junctional localization of the Ec1M-Δ844 mutant. We overexpressed FLAG-tagged p120-3AB isoform (p120-F) in the Ec1M-Δ844--expressing cells using a mifepristone (Mf) inducible system. In A-431 cells, as we showed previously ([@B22]), the recombinant proteins began to accumulate 2 h after Mf administration and reached a plateau at ∼6 h. The overnight p120 induction notably increased the total level of the Ec1M-Δ844 mutant ([Figure 3A](#F3){ref-type="fig"}). Biotinylation experiments revealed that such induction also stabilized the mutant on the cell surface ([Figure 3B](#F3){ref-type="fig"}) and significantly decreased its internalization rate ([Figure 3C](#F3){ref-type="fig"}). Of interest, such dramatic changes were specific to Ec1M-Δ844 and were not noted for endogenous cadherin ([Figure 3, A--C](#F3){ref-type="fig"}, blots Ec). Finally, in the p120-overexpressing cells, the mutant became coclustered with the endogenous cadherin--catenin complex in the cell--cell junctions ([Figure 1, B and C](#F1){ref-type="fig"}). Thus a high level of p120 prolonged the lifetime of the EcM-Δ844 mutant and facilitated its recruitment into cell--cell junctions. Of importance, this effect required direct binding of p120 to the mutant because it was completely abolished by the inactivation of the mutant\'s p120-binding site (Supplemental Figures S1 and S2).

![p120 overexpression stabilizes the Ec1M-Δ844 mutant. (A) Cell lysates of Ec1M-Δ844--expressing cells with (+) or without (−) overnight induction of p120-F were analyzed for the total levels of the mutant (Δ844), the endogenous E-cadherin (Ec), p120 (p120), and p120-F (p120F) using antibodies against myc, E-cadherin, p120, and FLAG, correspondingly. Arrows, p120-F. Note that the expression of p120-F increased the level of the Ec1M-Δ844 mutant but not that of the endogenous E-cadherin. (B) Degradation rates of the Ec1M-Δ844 mutant (Δ844) and endogenous cadherin (Ec) in response to p120-F induction. See [Figure 2A](#F2){ref-type="fig"} for other abbreviations. (C) Internalization rates of Ec1M-Δ844 (Δ844), endogenous E-cadherin (Ec), and EGF receptor (EGFR) with (+) or without (--) the 120-F induction. Abbreviations as in [Figure 2B](#F2){ref-type="fig"}. Note that in uninduced cells (left), the amounts of the internalized mutant are comparable with the total amount of the surface-biotinylated cadherin (lane T). P120-F induction (right) significantly decreases Ec1M-Δ844 mutant endocytosis. Note also that the rates of endocytosis of other tested proteins, endogenous E-cadherin, and EGF receptor were unaffected. (D) Degradation rate of the Ec1M-Δ844 mutant in response to the expression of p120-ARM-F. Abbreviations as in B.](4247fig3){#F3}

It is possible that the amino-terminal or carboxy-terminal domains of p120-3AB caused this dramatic effect. These domains are known for altering cadherin dynamics in cell--cell junctions ([@B37]; [@B12]). Another possibility is that the elevated level of p120 increased p120 binding to the cadherin mutant, thereby shielding the mutant from endocytosis. To test these possibilities, we repeated our overexpression experiments using a construct that encodes the arm-repeat domain of p120 (p120-ARM-F). Because this domain is sufficient to bind cadherins ([@B18]), it would also protect the Ec1M-Δ844 mutant from degradation if its degradation is based on accessibility of the cadherin endocytic signals located in the juxtamembrane domain. Indeed, the subcellular localization of the Ec1M-Δ844 mutant ([Figure 1D](#F1){ref-type="fig"}) and its stability on the cell surface ([Figure 3 D](#F3){ref-type="fig"}) in cells overexpressing p120-ARM-F and p120-F were indistinguishable. These data suggested that abnormally weak interactions between this mutant and p120 caused the high instability of the Ec1M-Δ844 mutant and its poor recruitment into the junctions.

The EcM-Δ844 mutant has low affinity to p120 due to the absence of α-catenin in the complex
-------------------------------------------------------------------------------------------

To verify the idea that the deletion of the β-catenin--binding site weakens p120 binding to cadherin, we probed p120-cadherin interactions by anti-myc coimmunoprecipitation assay. We recently showed that the digitonin cell lysis buffer, in contrast to Triton X-100--based buffers, preserves well the cadherin--p120 interaction ([@B21]). [Figure 4A](#F4){ref-type="fig"} shows that the Ec1M-Δ844 mutant did coimmunoprecipitate a slightly smaller amount of p120 than Ec1M. This difference became much more dramatic upon the exposure of the immunoprecipitates to high salt or to Triton-X100: p120 almost completely dissociated from Ec1M-Δ844 but not from Ec1M by washing buffers containing 0.45 M NaCl or 0.2% Triton X-100 ([Figure 4A](#F4){ref-type="fig"}).

![Presence of α-catenin in the cadherin--catenin complex strengthens cadherin--p120 interactions. (A) Digitonin cell lysates of the Ec1M- and EcM-Δ844--expressing cells (Ec1M and Ec1M-Δ844, respectively) were immunoprecipitated by the anti-myc antibody, and the resulting immunoprecipitates were washed with the digitonin buffer (Ctrl) or the same buffer containing either 0.2% Triton X-100 (T-100) or 0.45 M NaCl (NaCl). The immunoprecipitates were probed using anti-myc (myc) or anti-p120 (p120) antibodies. Note that the addition of Triton X-100 or NaCl into the washing buffer nearly completely removed p120 from the Ec1M-Δ844 but not Ec1M immunoprecipitates. (B) The endogenous E-cadherin was immunoprecipitated as in A using anti-E-cadherin SHE78-7 antibody from α-catenin--positive A-431 cells (A431), α-catenin--deficient MDA-MB-468 cells (MB468), and MDA-MB-468α cells (MBD468α), in which α-catenin expression was reconstituted. Blots were stained for the immunoprecipitated E-cadherin (Ec) or coimmunoprecipitated p120 (p120).](4247fig4){#F4}

Our previous cross-linking studies showed that p120 and α-catenin are in close spatial contact within the E-cadherin--catenin complex ([@B21]). On the basis of this observation, we proposed that these two proteins physically interact and that this interaction contributes to the strength of cadherin--p120 binding. The lack of α-catenin association with the Ec1M-Δ844 mutant could, therefore, weaken the binding of this mutant to p120. To reveal the role of α-catenin in cadherin--p120 interactions, we studied the E-cadherin--catenin complex in MDA-MB-468 cells. These cells are α-catenin deficient but express normal amounts of E-cadherin, β-catenin, plakoglobin, and p120 (Supplemental Figure S3A; see also [@B14]; [@B15]). Despite the absence of α-catenin, these cells exhibited adherens junction--like structures but were unable to form normal epithelial colonies (Supplemental Figure S3B). Reexpression of α-catenin restored the epithelial phenotype of these cells, as well as resulted in a more organized distribution of adherens junctions, desmosomes, and tight junctions (Supplemental Figure S3B). [Figure 4B](#F4){ref-type="fig"} shows that an anti--E-cadherin antibody immunoprecipitated approximately the same amounts of E-cadherin--p120 complex from the A-431 and MDA-MB-468 cell lysates. However, Triton X-100 (0.2%) or NaCl (0.45 M) completely removed p120 from the E-cadherin--catenin complex obtained from MDA-MB-468 cells but not from A-431 cells. Finally, we showed that p120--cadherin interactions in MDA-MB-468 cells strengthened upon α-catenin reconstitution ([Figure 4B](#F4){ref-type="fig"}).

The loop between arm repeats 5 and 6 of p120 is in contact with VH1 domain of α-catenin
---------------------------------------------------------------------------------------

p120-3AB contains 10 cysteine residues (numbered from 1 to 10 in [Figure 5A](#F5){ref-type="fig"}), all of which are present in its arm-repeat domain. Cysteine-specific cross-linking of p120 to α-catenin suggested that at least one of these cysteines is in close proximity to α-catenin ([@B21]). To identify such residue(s), we constructed and expressed in A-431 cells 10 p120-F point mutants, each of which harbored a point Ala substitution for one of these cysteines ([Figure 5A](#F5){ref-type="fig"}). The A-431 subclones were selected to express approximately the same levels of these p120 mutants upon overnight Mf induction. An anti-FLAG coimmunoprecipitation assay showed that all of the mutants, except mutant p120Cys4-F, formed complexes with E-cadherin ([Figure 5B](#F5){ref-type="fig"}). In parallel experiments, the mutant-expressing cells were lysed and cross-linked with cysteine-specific cross-linker BM\[PEO\]3. Western blot analyses of these lysates using anti-FLAG antibody showed that most of the mutants, as predicted, produced a high--molecular weight band corresponding to the adduct consisting of a p120 mutant and α-catenin ([Figure 5C](#F5){ref-type="fig"}). As expected, the mutant p120Cys4-F did not form such an adduct because of its cadherin-binding defect. The only other mutant that was unable to produce this adduct was p120Cys9-F. Because this mutant had no defects in binding to E-cadherin, one may suggest that Cys9 (Cys618 according to NP_001078927.1), which resides within a large loop located between p120 arm repeats 5 and 6 (5/6 loop), actually mediates cross-linking between p120 and α-catenin.

![Identification of protein domains involved in cross-linking of p120 and α-catenin by BM\[PEO\]3. (A) A cysteine map of p120-F. The protein consists of three major domains---the central arm-repeat domain (individual arm repeats are depicted by open boxes, numbered) flanked by the amino-terminal (N) and carboxy-terminal (C) domains. Note that all 10 cysteines of p120 (indicated by numbered arrows) are located at the arm-repeat domain, one of which, Cys-9, is present in a large loop separating arm repeats 5 and 6. This loop may contain a small insert encoding by the alternative exon C (filled circle). FLAG epitope (F) is indicated by an open circle. (B) Recruitment of the p120-F cysteine mutants into the cadherin--catenin complex. The p120-F mutants were expressed in A-431 cells and immunoprecipitated with anti-FLAG agarose. The immunoprecipitates were probed for the p120 mutants (p120 mutants; the number of the mutant is indicated above the lanes) and for α-catenin (α-cat) using anti-FLAG or anti--α-catenin antibodies. Note that except for Cys-4, all Cys mutants interact with α-catenin. (C) Digitonin cell lysates of A-431 cells expressing p120-F (left) and its different cysteine mutants (right; the mutant\'s numbers are indicated above the lanes) were cross-linked by BM\[PEO\]3 and analyzed by Western blotting for p120-F or its mutants (p120F, p120F-mutants) and for α-catenin (α-cat). Note that the addition of the cross-link (+) resulted in appearance of p120--α-catenin adducts (arrow) that were absent in the control lysates (−). Arrowhead, p120 monomers. Note also that only two Cys mutants, Cys-4 and Cys-9, did not produce such adducts. (D) A cysteine map of the α-catenin-myc protein. The protein consists of three major domains---VH1, VH2, and VH3---separated by linker regions. Myc is indicated by an open circle (M). The protein contains 12 cysteine residues (arrows) located at the four regions. Four Cys mutants were constructed (numbered), each of which lacked all cysteines in a specific region. (E) The anti-myc coimmunoprecipitation assay with A-431 cells expressing Cys mutants of α-catenin-myc. Note that all Cys mutants (indicated by numbers) are recruited into the E-cadherin--catenin complex. Mutants and E-cadherin--catenin complex were stained by anti-myc (myc) and anti--β-catenin (β-cat), respectively. (F) Cell lysates of A-431 cells expressing different α-catenin Cys mutants were cross-linked and analyzed as in C. Blot was stained by anti-myc (myc). Note that only the mutant 1, lacking cysteines in the VH1 domain, does not show a high--molecular weight band (arrow).](4247fig5){#F5}

In reverse experiments, we identified a domain of α-catenin that is in proximity to p120. The intact α-catenin contains 12 Cys residues, which are located in four different regions: in its three vinculin-homology domains (VH1-VH3) and in the VH1-VH2-linker region ([Figure 5D](#F5){ref-type="fig"}). To simplify our experiments, we constructed four α-catenin myc-tagged mutants, each of which lacked all cysteines within one of these regions (see [Figure 5D](#F5){ref-type="fig"} for detail). A-431 clones expressing these α-catenin mutants were first used in anti-myc coimmunoprecipitation experiments that verified that all four mutants were equally recruited into the cadherin--catenin complex ([Figure 5E](#F5){ref-type="fig"}). Digitonin lysates of these cells were then cross-linked and analyzed by Western blotting as described earlier. This experiment ([Figure 5F](#F5){ref-type="fig"}) indicated that at least one of the cysteines present in the VH1 domain of α-catenin is responsible for cross-linking to p120.

The C exon weakens binding of p120 to the intact E-cadherin but not to its β-catenin--uncoupled mutant
------------------------------------------------------------------------------------------------------

Of interest, alternative splicing of exon C produces p120C isoforms that contain a small, six amino acid--long insertion (Asp-625--Arg-630) approximately in the middle of the 5/6 loop, just a few amino acids away from Cys-618. To address the question of whether the exon C changes the structural organization of the cadherin--catenin complex, we expressed the p120-3ABC isoform of p120 (p120C-F) in A-431 cells and studied its subcellular localization and its interaction with cadherin. Remarkably, this small insertion dramatically changed both of these parameters. In contrast to p120-F, which predominantly localized at the adherens junctions ([Figure 6A](#F6){ref-type="fig"}), the major pool of p120C-F was cytosolic ([Figure 6B](#F6){ref-type="fig"}). Consistent with such abnormal distribution, only a small fraction of p120C-F coimmunoprecipitated with E-cadherin ([Figure 7, A and B](#F7){ref-type="fig"}). Furthermore, the cadherin--p120C-F complex, which could be extracted from the cells, appeared to be hypersensitive to Triton X-100 or NaCl ([Figure 7B](#F7){ref-type="fig"}). Taken together, these data suggest that the insertion encoded by exon C weakens p120 binding to cadherin by preventing intracomplex p120--α-catenin interactions.

![Role of the 5/6 loop in p120 subcellular distribution. A-431 cells expressing either (A) p120-F (p120F) or (B) p120C-F (p120CF) isoforms were stained with anti-FLAG antibody. Note that the p120C-F mutant is predominantly cytosolic. (C, C′, D, D′) The p120C-F isoform of p120 was expressed in Ec1M-Δ844--expressing A-431 cells under Mf-inducible promoter. Control (C, C′) or Mf-induced (D, D′) cells were double stained for (C, D) Ec1M-Δ844 (Δ844) and for (C′, D′) adherens junctions (β-cat) using anti-myc and anti--β-catenin antibodies. Note that the Mf induction redistributed the cadherin mutant toward adherens junctions.](4247fig6){#F6}

![Carboxy-terminal truncation of E-cadherin abrogates differences in binding of cadherin to p120-F and p120C-F. (A) Total lysates of the Mf-induced A-431 cells expressing p120-F (lane AB) and p120C-F (lane ABC) proteins (FLAG). Anti-tubulin (tbl) staining is a loading control. Note that the expression levels of p120F and p120C-F are similar. (B) p120-F--expressing (AB column) and p120C-F--expressing (ABC column) A-431 cells were immunoprecipitated using anti--E-cadherin (SHE78-7) antibody and the resulting immunoprecipitates were washed with the digitonin IP buffer alone (Ctrl) or containing 0.2% Triton X-100 (T-100) or 0.45 M NaCl (NaCl). The blots were stained for E-cadherin (Ec), p120 (p120), and FLAG (flag) using corresponding antibodies. The FLAG-tagged and endogenous forms of p120 are indicated by an arrow and an arrowhead, respectively. Note that p120-F is the major form of p120 in the cadherin--catenin complex in the p120-F--expressing cells. By contrast, the amounts of p120C-F form are negligible. The C exon--encoded insert also destabilizes p120--cadherin interactions in 0.2% Triton or in 0.45 M NaCl. (C) Degradation rate of the Ec1M-Δ844 mutant in response to p120C-F induction. See [Figure 3](#F3){ref-type="fig"} for abbreviations. (D) A-431 cells coexpressing the Ec1M-Δ844 mutant and either p120-F (AB) or p120C-F (ABC) were immunoprecipitated by anti-myc and probed with anti-myc (myc) for the presence of the cadherin mutant and anti-FLAG (flag) for the presence of the FLAG-tagged p120 isoforms.](4247fig7){#F7}

To substantiate this hypothesis, we tested whether the p120-C isoform is able to cluster β-catenin--uncoupled cadherin mutant Ec1M-Δ844. Indeed, if the exon C insert reduced p120 binding to cadherin through a defect in p120 binding to α-catenin, this exon would not change p120 binding to the β-catenin--uncoupled cadherin mutants. In agreement with this hypothesis, overexpression of the p120C-F in Ec1M-Δ844--expressing cells produced exactly the same effect as expression of p120-F: it stabilized the cadherin mutant on the cell surface ([Figure 7C](#F7){ref-type="fig"}) and triggered clustering of the mutant at cell--cell junctions ([Figure 6C, D](#F6){ref-type="fig"}). Furthermore, coimmunoprecipitation experiments revealed no differences in interactions between these forms of p120 and the Ec1M-Δ844 mutant ([Figure 7D](#F7){ref-type="fig"}). These results showed that the inactivation of the β-catenin--binding site of cadherin completely eliminates the differences in cadherin binding to p120-3AB and p120-3ABC isoforms of p120.

DISCUSSION
==========

Cadherin trafficking has emerged as one of the central regulatory processes of cadherin adhesion ([@B2]; [@B35]; [@B10]). The binding of p120 to the juxtamembrane cadherin domain is the key regulatory step in this regulatory mechanism. In the p120-free state, the juxtamembrane domain initiates cadherin internalization ([@B39], [@B38]; [@B9]). At least two endocytic motifs that are involved in cadherin endocytosis were recently identified in this domain ([@B24]; [@B16]). Point mutation of one of them, the dileucine motif, was shown to prevent cadherin internalization in the absence of p120, suggesting that p120 binding obstructs this motif from being recognized by the endocytic machinery. Much less is known about the role of β-catenin (or plakoglobin) in cadherin trafficking. In the absence of these catenins or upon deletion of the cadherin carboxy-terminal β-catenin--binding domain, cadherin was shown to be retained in the intracellular compartments and targeted to lysosomes ([@B5]; [@B11]; [@B25]). Surprisingly, the same dileucine motif appears to orchestrate lysosomal targeting of such cadherin mutants ([@B25]). This observation suggests a potentially very important regulatory process: a cross-talk between two functionally distinct cadherin domains---the juxtamembrane, p120-binding domain and the carboxy-terminal, β-catenin--binding domain. The present work addresses the mechanism of this cross-talk and illuminates its role in the regulation of cadherin turnover.

In agreement with previous observations ([@B5]; [@B25]), we found that the β-catenin--uncoupled cadherin mutant Ec1M-Δ844 is mostly intracellular and unstable. However, in contrast to previous experiments performed on MDCK cells, our experiments with A-431 cells showed that these abnormalities are based on the rapid endocytosis of this mutant. This is evident from the fact that nearly the entire surface-biotinylated pool of the mutant became intracellular in 15 min, whereas only a small fraction of the endogenous cadherin was internalized during the same period. It is possible that MDCK cells internalize β-catenin--uncoupled cadherin mutants almost instantly, thereby preventing the mutant detection on the cell surface in previous experiments. Of importance, we found that overexpression of p120 in A-431 cells stabilizes the Ec1M-Δ844 mutant on the cell surface. This stabilization requires a direct binding of p120 to the mutant because the stabilization effect is completely abolished by inactivation of the mutant p120-binding site. In addition, the arm-repeat domain of p120 that was shown to be sufficient for cadherin binding ([@B18]) is as effective as full-size p120 in stabilizing the Ec1M-Δ844 mutant.

These data clearly show that the endogenous level of p120 is not sufficient to maintain the cell surface stability of the β-catenin--uncoupled cadherin mutants. The simplest explanation for this phenomenon is that such mutants have a reduced affinity to p120. In this case, the juxtamembrane domain of the mutants exhibits elevated endocytic activity because the mutants cannot compete with the endogenous cadherin for the limited pool of p120. We first tested this hypothesis by comparing p120 binding to Ec1M and Ec1M-Δ844. Indeed, we found that washing buffers containing 0.45 M NaCl or 0.2% Triton-X100 strongly reduced the amounts of p120 in the complex with Ec1M-Δ844 but not with Ec1M. This finding shows that, in addition to the minimal p120-binding domain, which is the same in Ec1M-Δ844 and Ec1M, cadherin exhibits another activity controlling p120 binding. Such activity might be associated either directly with the cadherin region deleted in the Ec1M-Δ844 mutant or with α- or β-catenins. Our experiments with α-catenin--deficient MD-MB-468 cells clearly demonstrated that α-catenin is a key factor stabilizing cadherin--p120 interactions. Taken together with the fact that p120 and α-catenin can be cross-linked within the same cadherin--catenin complex ([@B21]), our data suggest that a direct interaction between these two proteins reinforces cadherin--p120 association. The α-catenin--p120 interaction can be weak and thus be significant only in the contents of the same complex. The potential weakness of this interaction can explain why it failed to be detected in previous direct in vitro binding experiments ([@B20]).

To gain further structural insights into the α-catenin--p120 interaction, we mapped the cysteine residues that are responsible for the cross-linking between p120 and α-catenin. Cysteine-specific mutagenesis of these two proteins showed that a large loop located between arm repeats 5 and 6 of the p120 arm-repeat domain is in close contact with the VH1 domain of α-catenin. This result was unexpected because published experiments with various p120 deletion mutants in SW48 cells showed that the 5/6 loop is not essential for p120 binding to E-cadherin ([@B18]). It is possible, however, that the p120-deficient SW48 cell system, in which p120 mutants do not compete with the endogenous p120, did not allow minor abnormalities in the cadherin--p120 binding to be detected. Therefore we reinvestigated the role of the 5/6 loop in the cadherin--p120 interactions in A-431 cells expressing the endogenous p120. We used two splice forms of p120: p120-ABC and p120-AB. The p120-ABC splice form contains an additional six amino acid--long insertion in the middle of the 5/6 loop. Our experiments clearly showed that the C exon--encoded insertion reduces p120--cadherin binding: in contrast to the p120-AB, the p120-ABC form of p120 cannot compete with endogenous p120 for binding to cadherin. As a result, it is cytosolic, whereas p120-AB is recruited into cell--cell junctions. Of importance, both p120 splice forms equally bind to the β-catenin--uncoupled Ec1M-Δ844 cadherin mutant and equally prevent its endocytosis. This observation is fully consistent with structural works showing that the 5/6 loop is flexible and does not directly contribute to the E-cadherin--binding interface of p120 ([@B8]; [@B19]). Taken together, our experiments suggest a possibility that the 5/6 loop serves as a molecular "bridge" between p120 and α-catenin reinforcing p120--cadherin association.

This finding is very interesting in light of the role of p120 as an inhibitor of RhoA. Several studies showed that the 5/6 loop is critical for binding to RhoA. These studies also show that p120 bindings to cadherin and to RhoA are mutually exclusive ([@B1]; [@B4]; [@B40]). Identification of the 5/6 loop as a partner of the α-catenin in the cadherin--catenin complex suggests a simple model for these mutually exclusive interactions: the association of p120 with cadherin results in the engagement of the 5/6 loop with α-catenin, thereby preventing p120 from interacting with RhoA. However, taking into consideration the data suggesting that RhoA may also directly interact with α-catenin ([@B23]), we see that the interplay between RhoA, p120, and α-catenin can be much more complex.

It is also notable that in the cadherin--catenin complex, the 5/6 loop of p120 is in close contact with the VH1 domain of α-catenin. This α-catenin domain is known to participate in two other mutually exclusive events: in α-catenin homodimerization and in α-catenin binding to β-catenin ([@B30]; [@B26]). It has been proposed that the interplay between these two events mediates dynamic interactions between cadherin and the cytoskeleton. Therefore the 5/6 loop connection to the VH1 domain can potentially contribute to the switch between homodimerization and β-catenin--binding modes of α-catenin. New structural and biochemical studies are essential to uncovering the intricate network of interactions among various components of the cadherin--catenin complex.

In conclusion, our examination of the β-catenin--uncoupled cadherin mutants shows that α-catenin contributes to the strength of p120 association with the cadherin--catenin complex. We also showed that the 5/6 loop of p120, which was previously identified as the binding site for RhoA, actually appears to reinforce p120 binding to cadherin through direct contact with α-catenin. Such a network of weak catenin--catenin interactions in the cadherin--catenin complex may play a critical role in many dynamic processes regulating cadherin endocytosis and cadherin anchorage to the actin cytoskeleton.

MATERIALS AND METHODS
=====================

Plasmid construction, cell culture, DNA transfections, and antibodies
---------------------------------------------------------------------

A-431 (human epidermoid carcinoma) and MDA-MB-468 (human breast carcinoma) cells were cultured in DMEM containing 10% fetal calf serum. MDA-MB-468α cells expressing α-catenin have been described ([@B22]). Stable clones of A-431 expressing Ec1M, EcM-Δ748, and Ec1M-Δ844 cadherin mutants were used in our previous work ([@B7]). Cadherin sequences are numbered according to Z13009. Ec1M and Ec1M-D844 proteins contained a small, 18-residue-long internal deletion between p120 and catenin-binding sites ([@B7]). This deletion does not change cadherin adhesive and binding properties. The human cDNAs of p120-3AB and p120-3ABC (kindly provided by A. Reynolds, Vanderbilt University, Nashville, TN) were tagged C-terminally by FLAG epitope--encoding sequence and expressed using the mifepristone-inducible GeneSwitch System (Invitrogen, Life Technologies, Carlsbad, CA). A plasmid expressing p120-ARM-F was constructed using PCR-directed mutagenesis. The PCR-derived portions of the resulting constructs were verified by the sequencing. The expression of p120-Fl was induced by adding mifepristone at a final concentration of 10 nM.

Stable transfection using plasmid DNA and immunofluorescence microscopy of the cells were performed as described ([@B35]). The following mouse antibodies were used: anti--E-cadherin (C20820), anti-p120, anti--β-catenin, and anti--epidermal growth factor (EGF) receptor (all from BD Bioscience, San Jose, CA); anti--α-catenin and anti--E-cadherin SHE78-7 (Zymed Laboratories, South San Francisco, CA); anti--myc 9E10 (Covance, Princeton, NJ); and anti-FLAG (Sigma-Aldrich, St. Louis, MO). Anti-myc rabbit antibody (Santa Cruz Biotechnology, Santa Cruz, CA) was used for double staining.

Biotinylation of cell surface proteins
--------------------------------------

The cells of one 6-cm dish reaching near-confluent growth were washed with ice-cold phosphate-buffered saline (PBS) containing 0.2 mM CaCl~2~ (PBS-Ca). The plate was incubated at 4°C with 2 ml of 0.5 mg/ml sulfo-NHC-LC-biotin (Pierce Chemical, Rockford, IL) in PBS-Ca for 10 min. The reaction was stopped by washing the cells in ice-cold glycine solution (200 mM glycine/200 mM Tris, pH 7.5). To determine the rate of the biotinylated protein degradation (biotin degradation assay), cells were then chased in the same media for the indicated periods of time. At the end of the chase, cells were lysed in IP-lysis buffer containing 0.2% SDS and 1% Triton X-100. Biotinylated proteins were then precipitated by streptavidin--agarose and analyzed by immunoblotting. The overall rate of the mutant endocytosis was determined essentially as described earlier (biotin internalization assay; [@B35]). In brief, cell surface proteins were biotinylated by sulfo-NHC-LC-SS-biotin (Pierce Chemical) as indicated earlier. The cells were then incubated in standard medium (37°C) for various durations to resume endocytosis. Noninternalized biotin was then stripped from the surface by two 20-min-long washes with 50 mM glutathione at 4°C. Remaining biotinylated proteins were then analyzed as indicated earlier.

Immunoprecipitation
-------------------

To analyze cadherin--p120 interactions, we used a digitonin-based coimmunoprecipitation assay, which preserves these interactions ([@B21]). In brief, cells were extracted with 1 ml of 1% digitonin (Calbiochem, San Diego, CA)--containing immunoprecipitation (IP-D) lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, and 0.5 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride) and then subjected to subsequent incubations, first with either anti-myc (9E10) or anti--E-cadherin (SHE78-7) antibodies and then with protein A--Sepharose. The immunoprecipitation of p120-F was performed using anti-FLAG agarose (Sigma-Aldrich). To analyze the strength of the cadherin--p120 interaction, the resulting immunoprecipitates were incubated for 5 min with 500 μl of the IP-D buffer supplemented with additional amounts of NaCl (final concentration 0.45 M) or with 0.2% Triton X-100.

Supplementary Material
======================

###### Supplemental Materials

This article was published online ahead of print in MBoC in Press (<http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E11-03-0250>) on September 21, 2011.

We are grateful to A. Reynolds for providing p120 cDNA. This work was supported by Grants AR044016 and AR057992 from the National Institutes of Health.

BM\[PEO\]3

:   1,8-bis-maleimidotriethylene­glycol

Mf

:   mifepristone

[^1]: \*Present address: Department of Tumor Microenvironment and Metastasis, Institute of Cancer Biology, Danish Cancer Society, DK-2100 Copenhagen, Denmark.
